INTRODUCTION
============

The reactivity of catalyst surfaces originates from surface active sites ([@R1]). For example, titanium dioxide (TiO~2~) is an inert insulator in its stoichiometric form but becomes a highly active photocatalyst with surface defects ([@R2]). A thorough characterization of such active sites, in particular under reaction conditions ([@R3]), is indispensable for understanding the reaction mechanisms ([@R1]). Vibrational spectroscopy is arguably the most powerful in situ technique for surface analyses and has made substantial contributions to the field of heterogeneous catalysis ([@R4]--[@R6]). It has been predominantly applied to studies of adsorbates yet provides little information on surface lattice structure ([@R1]). The latter can be gleaned from surface vibrational modes or surface phonons, but it is often challenging to detect them because of the concurrence of very intense bulk phonon modes. Of particular interest to catalysis are those surface phonons directly associated with surface reactions; their identification and in situ characterization can provide real-time direct information about the catalytic processes ([@R7]--[@R9]).

Sum-frequency generation (SFG) has been developed as a surface-specific version of vibrational spectroscopy ([@R10]). It can probe not only adsorbates but also surface lattice modes with the bulk response suppressed ([@R11], [@R12]). Here, we report the application of SFG to identify the surface phonon mode connected to active sites on anatase (TiO~2~) (101) and use it to probe in situ surface reactions at such sites. Titanium dioxide is a benchmark model system in surface science and is also known as one of the most important photocatalysts ([@R13]--[@R17]). Among the two industrially used polymorphs, rutile and anatase, the latter is regarded catalytically more active, and its (101) surface often appears as the dominant facet in active nanophase materials ([@R18]). Recent studies in ultrahigh vacuum (UHV) have revealed a wealth of information on well-defined anatase surfaces ([@R18]--[@R24]), yet their structures and properties, such as bonding geometries and response to external stimuli, are still not well characterized, especially under ambient reaction conditions. Using SFG, we have successfully identified a surface phonon mode directly associated with the two major surface active sites on anatase (101): the five-coordinated titanium \[Ti(5c)\] and the oxygen vacancy ($\mathit{V}_{O}^{\text{surf}}$) on the two-coordinated oxygen \[O(2c)\] site ([Fig. 1A](#F1){ref-type="fig"}), both being primary adsorption and/or dissociation sites for key reactants ([@R16]). This surface phonon can then serve as a spectroscopic signature for reactions on anatase (101). Through characterizing and monitoring this phonon mode, we were able to determine the surface bonding geometry at the active sites and track the creation and annihilation of $\mathit{V}_{O}^{\text{surf}}$ following ultraviolet (UV) irradiation, and found that $\mathit{V}_{O}^{\text{surf}}$'s could be efficiently stabilized by prevailing ambient gases. In UHV, $\mathit{V}_{O}^{\text{surf}}$ on anatase (101) has been proven unstable ([@R18], [@R19], [@R22]), which is apparently discordant with the high reactivity of the surface ([@R16], [@R25]). Our result shows that ambient gas can make a big difference in stabilizing $\mathit{V}_{O}^{\text{surf}}$, which could be of pivotal importance for practical applications.

![Structure and phonon spectra of anatase (101).\
(**A**) Structure of anatase (101). Ti(5c), O(2c), and O(3c) denote five-coordinated titanium and two- and three-coordinated oxygen ions, respectively. Yellow arrows describe the displacements of Ti(5c) and O(3c) associated with the surface phonon mode according to ab initio calculation. (**B**) Raman (blue) and SFG (red) spectra of the anatase (101) sample, with all beams being P-polarized. The two Raman modes are the highest-frequency transverse optical (TO) phonon modes of bulk anatase. The 860-cm^−1^ SFG mode is from the surface. arb. u., arbitrary units.](1601162-F1){#F1}

RESULTS
=======

The surface phonon mode and related bonding geometry
----------------------------------------------------

In our experiment, the anatase (101) sample was cleaned and placed in a chamber purged with various gases and could be irradiated in situ by UV light (see Materials and Methods for details). For SFG, the incident 800-nm near-infrared (NIR) and the broadband IR beams overlap on the sample surface and generate the SF vibrational spectrum in reflection. The basic theory of SFG is sketched in the Supplementary Materials. Briefly, when the IR frequency is near the phonon resonance, the SF signal (*S*~SF~) is proportional to ${|{\overset{\leftrightarrow}{\mathit{\chi}}}_{\text{NR}} + {\overset{\leftrightarrow}{\mathit{\chi}}}_{R}|}^{2}$, where ${\overset{\leftrightarrow}{\mathit{\chi}}}_{\text{NR}}$ is the nonresonant background, and ${\overset{\leftrightarrow}{\mathit{\chi}}}_{R} = \left. \sum{}_{\mathit{q}} \right.\frac{{\overset{\leftrightarrow}{\mathit{A}}}_{\mathit{q}}}{\mathit{\omega}_{\text{IR}} - \mathit{\omega}_{\mathit{q}} + \mathit{i}\Gamma_{\mathit{q}}}$ is the resonant contribution, with ${\overset{\leftrightarrow}{\mathit{A}}}_{\mathit{q}}$, ω~*q*~, and Γ~*q*~ being the amplitude, frequency, and damping coefficient of the *q*th resonance mode, respectively ([@R11]). Our SF vibrational spectrum on anatase (101) taken with PPP polarization combination in the spectral range of 700 to 1000 cm^−1^ is displayed (red curve) in [Fig. 1B](#F1){ref-type="fig"}, in comparison with the Raman spectrum (blue curve) from the same sample. The two bands at 543 and 667 cm^−1^ are the two highest-frequency Raman-active TO phonon modes of bulk anatase ([@R26]--[@R28]). In contrast, the SF spectrum exhibits a new resonance at \~860 cm^−1^ from the (101) surface. On the basis of our ab initio calculation that reveals a surface resonance at \~878 cm^−1^ on fully relaxed anatase (101) (see calculation details in the Supplementary Materials), we identify the observed SF mode as mainly due to the stretching vibration of the bond between Ti(5c) and the fully coordinated oxygen ion beneath it \[O(3c)\] ([Fig. 1A](#F1){ref-type="fig"} and fig. S1). Because Ti(5c) exists predominantly on the surface, this is a highly localized surface phonon mode.

To further confirm the assignment, we checked whether symmetry properties of the 860-cm^−1^ mode agree with that of the assigned surface phonon mode. Anatase (101) belongs to the *C*~1*v*~ point group with a mirror plane perpendicular to the \[010\] axis ([Fig. 2A](#F2){ref-type="fig"}) ([@R29]). Its phonon modes can be characterized by two irreducible representations, *A*′ and *A*′′, corresponding to transition dipole moments lying parallel and perpendicular to the mirror plane, respectively. The Ti(5c)--O(3c) bonds lie in the mirror plane, and the bond stretching phonon mode transforms according to the *A*′ representation. We measured, for different input/output polarization combinations, the SFG spectra of the 860-cm^−1^ mode versus the azimuthal angle of anatase (101), φ, between the incidence plane and the \[10$\overline{1}$\] axis on the surface \[see geometries described in [Fig. 2](#F2){ref-type="fig"} (A to C)\]. At φ = 0° and 180° ([Fig. 2](#F2){ref-type="fig"}, A and B), the transition dipole moment of an *A*′ mode should be parallel to the incident plane, so it cannot be excited by the S-polarized IR input. On the other hand, it can be excited by the P-polarized IR light, but as the transition dipole moment tilts away from the surface normal (which is essential for the *C*~1*v*~ group), the excitation is different for φ = 0° and 180°, and so is the spectral intensity. As seen in [Fig. 2](#F2){ref-type="fig"} (D to F), these symmetry features are observed in the SPS, SSP, and PPP spectra of the 860-cm^−1^ mode (see the Supplementary Materials for more details). For φ = 90° ([Fig. 2C](#F2){ref-type="fig"}) and 270°, the geometries for probing an *A*′ mode are equivalent, and its SF spectra should be the same. This is true within experimental uncertainty for the 860-cm^−1^ mode (SSP spectra are presented in [Fig. 2G](#F2){ref-type="fig"} as an example). Therefore, the result confirms that the 860-cm^−1^ mode is an *A*′ mode expected for the Ti(5c)--O(3c) bond stretching phonon on anatase (101).

![Symmetry of the surface and phonon spectral anisotropy.\
(**A** to **C**) Experimental configurations with the sample placed at various azimuthal angle φ. The beam incident geometry is as described in (A), with green, red, and blue arrows denoting NIR, IR, and SFG beams, respectively, which are either P- or S-polarized. A Ti(5c)--O(3c) bond is highlighted in yellow at each φ. (**D** to **G**) SFG spectra at various φ with different beam polarization combinations (labeled in capital letters, referring to the polarization of SFG, NIR, and IR beams from left to right). Black (red) curves in (D) to (F) are spectra taken at φ = 0° (180°), and the blue (orange) curve in (G) is taken at φ = 90° (270°).](1601162-F2){#F2}

The SFG finding allows us to determine related surface structures on anatase (101). The higher surface phonon frequency, compared to bulk phonons, suggests that the Ti(5c)--O(3c) bond is shorter than bulk counterparts because of surface relaxation. Our calculation finds the former shorter than the latter by \~0.13 Å ([@R30]). Next, orientation of the Ti(5c)--O(3c) bonds can be deduced from the spectral anisotropy at φ = 0° and 180° ([Fig. 2](#F2){ref-type="fig"}, E and F). For both SSP and PPP polarization combinations, the intensity ratio of the 860-cm^−1^ mode is given by$$\mathit{S}_{\text{SF}}(\varphi = 180{^\circ})/\mathit{S}_{\text{SF}}(\varphi = 0{^\circ}) \approx {|(\mu_{\mathit{a},\text{eff}} - \mu_{\mathit{c},\text{eff}})/(\mu_{\mathit{a},\text{eff}} + \mu_{\mathit{c},\text{eff}})|}^{2}$$where μ~*a*(*c*),eff~ is the effective transition dipole moments along the \[10$\overline{1}$\] (\[101\]) axis. We find \|μ~*a*,eff~/μ~*c*,eff~\| ≈ 1.0 ± 0.2, from which we deduce the dipole moment to tilt by \~25 ± 5° from the \[101\] axis, close to the theoretical prediction (see the Supplementary Materials for more details). The agreement further validates our assignment of the 860-cm^−1^ mode and sets the foundation for using it to investigate reactions on anatase (101).

UV-induced surface structural change
------------------------------------

Ti(5c) is the major adsorption site on TiO~2~ for key reactants, such as methanol and water, but how they adsorb is still a subject of debate ([@R31], [@R32]). If adsorbed molecules bind strongly to Ti(5c), the corresponding Ti(5c)--O(3c) stretching frequency should exhibit a shift (see the Supplementary Materials). In our experiment, the 860-cm^−1^ mode barely shifted when the clean anatase (101) surface was exposed to saturated methanol vapor. This indicates that methanol was not very tightly bonded to Ti(5c). If adsorbed methanol molecules were dissociated, we would expect that with methoxy as the dissociated fragment bonded to Ti(5c), the corresponding Ti--O stretching mode should have a significant red shift, and the C--H stretching spectrum of methoxy should appear. Neither was observed in our SFG measurement (fig. S2). So, at least at room temperature and high coverage, methanol must have adsorbed on anatase (101) in the molecular form \[similar to the case of methanol adsorption on rutile (110) ([@R31], [@R32])\]. Methanol dissociation is either not favored, or dissociated fragments would recombine rapidly ([@R33]). For water, its dissociation upon adsorption is predicted to be even less favorable ([@R31], [@R34]).

Upon UV irradiation, methoxy is still not detectable (fig. S2). However, the 860-cm^−1^ phonon intensity dropped sharply ([Fig. 3A](#F3){ref-type="fig"}) not only in methanol and water vapors but also in other ambient gases, such as nitrogen and hydrogen. It is known that UV can generate oxygen vacancies on TiO~2~ ([@R14]). For anatase (101), the surface oxygen vacancy, $\mathit{V}_{O}^{\text{surf}}$, is preferentially formed at the O(2c) site ([Fig. 3B](#F3){ref-type="fig"}), lowering the coordination of the conjoint Ti(5c) to Ti(4c) ([@R19], [@R21]). Accordingly, the number density of Ti(5c) decreases, and so does the intensity of the 860-cm^−1^ mode. To establish that the intensity drop is due to creation of $\mathit{V}_{O}^{\text{surf}}$, we compared the UV-induced spectral change of anatase (101) in pure oxygen with that in other gases. As shown in [Fig. 3C](#F3){ref-type="fig"}, the UV-induced intensity change of the 860-cm^−1^ mode in oxygen differs markedly from the others: When UV is on, it drops to below 25% in pure nitrogen and methanol vapor but remains as high as 60% in oxygen; when UV is off, the signal recovers to less than 50% in nitrogen and methanol but almost fully in oxygen. In other gases, the spectral changes are similar to those in nitrogen and methanol, but in clear contrast to that in oxygen. Obviously, oxygen is unique because it can directly replenish surface oxygen vacancies. Hence, we conclude that the UV-induced intensity drop of the 860-cm^−1^ mode is predominantly due to the increment of $\mathit{V}_{O}^{\text{surf}}$'s.

![Evolution of the surface structure in UV and different ambient gases.\
(**A**) Surface phonon spectra of anatase (101) in pure nitrogen before (blue) and after (green) UV irradiation. (**B**) Preferential locations of surface ($\mathit{V}_{O}^{\text{surf}}$) and subsurface ($\mathit{V}_{O}^{\text{sub}}$) oxygen vacancies on anatase (101), marked by dashed circles. (**C**) Evolution of the mode intensity in pure oxygen, saturated methanol vapor, and pure nitrogen in response to switching on and off of UV irradiation as well as oxygen purge. (**D**) Circles indicate energy difference between surface and subsurface oxygen vacancies \[$\Delta\mathit{E} = \mathit{E}(\mathit{V}_{O}^{\text{surf}}) - \mathit{E}(\mathit{V}_{O}^{\text{sub}})$\] in various ambient gases obtained from ab initio calculation. Vertical columns represent percentage drop of the 860-cm^−1^ mode after a constant UV irradiance in various ambient gases: Pure hydrogen and nitrogen were at \~1 atm; water and methanol were at saturated vapor pressure mixed with dry nitrogen. (**E** and **F**) Stable configurations of methanol and nitrogen molecules adsorbed near a surface oxygen vacancy by ab initio calculation.](1601162-F3){#F3}

Stabilization of surface oxygen vacancies by ambient gases
----------------------------------------------------------

We can thus use the 860-cm^−1^ mode to monitor the amount of $\mathit{V}_{O}^{\text{surf}}$ directly under ambient conditions. In UHV, $\mathit{V}_{O}^{\text{surf}}$ is unstable and tends to migrate down to form subsurface vacancies ($\mathit{V}_{O}^{\text{sub}}$) ([Fig. 3B](#F3){ref-type="fig"}) ([@R18], [@R19], [@R22]). Such migration is also evident under ambient conditions. Under UV irradiation, the mode intensity drops upon generation of $\mathit{V}_{O}^{\text{surf}}$ but levels off at a nonzero value ([Fig. 3C](#F3){ref-type="fig"}). This suggests that while $\mathit{V}_{O}^{\text{surf}}$ is being created, it also tends to disappear from the surface by forming $\mathit{V}_{O}^{\text{sub}}$. The two processes balance each other at a finite number of $\mathit{V}_{O}^{\text{surf}}$ in dynamic equilibrium. When UV is off, creation of $\mathit{V}_{O}^{\text{surf}}$ stops, but the conversion to $\mathit{V}_{O}^{\text{sub}}$ does not, so that the number of $\mathit{V}_{O}^{\text{surf}}$ decays until a new equilibrium is reached between $\mathit{V}_{O}^{\text{surf}}$ and $\mathit{V}_{O}^{\text{sub}}$ ([Fig. 3C](#F3){ref-type="fig"}), depending on their free energy difference. We found this balance differs for different ambient gases. Recently, the enhanced stability of $\mathit{V}_{O}^{\text{surf}}$ on anatase (101) by ambient water vapor was proposed by Li and Gao ([@R25]). Here, we extend the calculation to cases of methanol, nitrogen, and hydrogen with results shown in [Fig. 3D](#F3){ref-type="fig"} (circles) (see also table S1). The calculated energy difference (Δ*E*) between $\mathit{V}_{O}^{\text{surf}}$ and $\mathit{V}_{O}^{\text{sub}}$ is found to be as high as +0.46 eV in vacuum, but becomes +0.30 eV in hydrogen, and is only +0.09 eV in methanol. If we assume that the entropy difference between $\mathit{V}_{O}^{\text{surf}}$ and $\mathit{V}_{O}^{\text{sub}}$ does not depend on the ambient gases, the ranking order of the free energy difference will be the same as that of Δ*E*. Then, for smaller Δ*E*, the stability of $\mathit{V}_{O}^{\text{surf}}$ is higher, or the final density of $\mathit{V}_{O}^{\text{surf}}$ is larger. Experimentally, the density of $\mathit{V}_{O}^{\text{surf}}$ can be monitored by the 860-cm^−1^ mode intensity. We plot in [Fig. 3D](#F3){ref-type="fig"} the final percentage drop of the 860-cm^−1^ mode because of persistent $\mathit{V}_{O}^{\text{surf}}$ on anatase (101) in the four ambient gases after the same UV irradiance. It shows that the persistent $\mathit{V}_{O}^{\text{surf}}$ follows the ranking order of methanol→water→nitrogen→hydrogen, correlating nicely with the opposite ranking order of the calculated Δ*E*.

To understand the underlying physics, we resort to adsorption configurations of gas molecules on anatase (101) (see details in fig. S3). Nitrogen and hydrogen only interact weakly through van der Waals interaction with the anatase surface, but they can still adsorb to $\mathit{V}_{O}^{\text{surf}}$'s ([Fig. 3E](#F3){ref-type="fig"}) with a low surface coverage. Methanol and water bind more strongly to anatase (101); they can yield a high surface coverage ([Fig. 3F](#F3){ref-type="fig"}) ([@R31], [@R34]) and slightly dope the surface conduction band with their oxygen lone pair electrons. As discussed by Li and Gao ([@R25]), the surface with $\mathit{V}_{O}^{\text{surf}}$ has more electronic density of states near the bottom of the conduction band so that the stability of $\mathit{V}_{O}^{\text{surf}}$ can be enhanced by electron doping. Methanol, in particular, is most efficient in stabilizing $\mathit{V}_{O}^{\text{surf}}$'s. Because $\mathit{V}_{O}^{\text{surf}}$'s are regarded as reaction centers on titanium dioxides ([@R25], [@R35]), enhancing the stability of $\mathit{V}_{O}^{\text{surf}}$ may be the reason why methanol appears as a promotional agent in some reactions on anatase ([@R23], [@R36]). As all molecules we have studied are widely present in applications of TiO~2~ as catalysts, one could anticipate the reactivity in ambient conditions to be very different from that in vacuum. The same is likely to be true on other reactive surfaces of oxides ([@R25]).

DISCUSSION
==========

In summary, we have identified a highly localized surface phonon mode of anatase (101), a benchmark photocatalyst surface. This mode is associated with the low-coordinated titanium ions and conjoint oxygen vacancies at the surface. It serves as a spectroscopic signature for direct, in situ monitoring of the active surface sites under reaction conditions. In sharp contrast to the case in vacuum, we found that the stability of surface active sites was strongly regulated by ubiquitous environmental molecules, such as methanol and water; even weakly associated molecules, such as hydrogen and nitrogen, showed an appreciable effect. Our finding not only signifies the urgency of in situ surface characterization but also calls for a more comprehensive view on heterogeneous catalysis: Instead of considering only a surface with reactants on it, the active role played by ambient gases must be seriously taken into account.

MATERIALS AND METHODS
=====================

Sample preparation
------------------

Anatase (101) samples of 2 mm thick were purchased from SurfaceNet and MaTecK. The MaTecK sample was repolished (by Hefei Kejing Materials Technology Co. Ltd.) to an epi roughness of \~0.4 nm. Both were Fe-doped mineral crystals and yielded consistent experimental results. Before the measurement, samples were ultrasonicated in acetone, ethanol, and deionized water (18.2 megohm⋅cm) consecutively, followed by UV-ozone treatment for 5 min, which effectively removed organic contaminations as indicated by the SFG spectra from the samples (fig. S4). During the measurement, samples were mounted in a chamber with a base pressure of \<10 Pa. Pure nitrogen, oxygen, or hydrogen gas filled the chamber to about 1 atm. Methanol (Sigma-Aldrich, 99%) and water filled the chamber to their saturated vapor pressure.

SFG measurements
----------------

For our experiment, the broadband multiplex SF spectroscopy scheme was adopted. A regenerative Ti:Sapphire amplifier (Spitfire, Spectra-Physics) produced \~4 W of 800-nm, 35-fs pulses at 1-kHz repetition rate. About 2.6 W of the beam was used to generate narrowband pulses of \~0.5-nm bandwidth by passing the 35-fs pulses through a Bragg filter (N013-14-A2, OptiGrate). The rest of the amplifier output was used to generate broadband IR pulses (\~500 cm^−1^) centered at about 800 cm^−1^ from an optical parametric amplifier/difference frequency generation system (TOPAS-C, Spectra-Physics). The narrowband 800-nm (pulse energy of \~15 μJ) and broadband IR (0.8 μJ) pulses overlapped at the sample surface with incident angles of 45° and 57°, respectively. The generated SF signal was collected by a spectrograph (Acton SP2300) and recorded on a charge-coupled device camera (Princeton Instrument PyLoN 1340 × 100). Spectra were normalized to that from a silver mirror. All experiments were conducted at room temperature.

UV irradiation
--------------

The UV light used in our experiment was generated by a UV light-emitting diode (Shenzhen Height-LED Opto-Electronic Tech Co. Ltd.) with a central wavelength at 368 nm. Its power density was about 20 mW/cm^2^.

Ab initio calculations
----------------------

The calculation of the phonon mode on the anatase (101) surface was performed using the Vienna Ab-Initio Simulation Package code based on the density functional theory formalism with the projector-augmented wave pseudopotentials and an energy cutoff of 400 eV for the plane-wave basis functions. The generalized gradient approximation to the exchange-correlation functional was used with the Perdew-Burke-Ernzerhof parameterization. The (101) surface was simulated using a slab model with 15 Å vacuum layers, and 4 × 12 × 1 Monkhorst-Pack *k*-point meshes for the Brillouin zone integration of the 1 × 1 surface cell. For calculation on the stability of oxygen vacancies, a (4 × 1) supercell with six O--Ti--O layers was used for molecule adsorption. The lowest bottom layer was fixed to mimic the bulk, and the atoms of other layers were fully relaxed. A vacuum layer of 20 Å was used to exclude the influence of vertical periodic images. Because of the large supercell, *k*-point sampling was restricted to the Γ point.
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